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Abstract
CO2 sorption on the NaNO3 incorporated MgO sorbent at 573-673 K has been resulted in the formation of MgCO3, referred from 
the results of in-situ X-ray powder diffraction combined with FT-IR spectrum. There was no interaction between CO2 and 
NaNO3 incorporated MgO sorbent before the melting of NaNO3. The fraction of MgCO3 was increased significantly while the 
NaNO3 phase in the MgO sorbent was melted at around 580 K. Further it was demonstrated that the use of eutectic mixture 
having a low melting point, 496 K, 12 wt% NaNO3 and 8 wt% KNO3 impregnated on MgO lower the temperature for CO2
sorption to ca. 498 K. Therefore, it was suggested that the dissolution of CO2 in liquid metal nitrate was a critical step for the CO2
capture as Mg carbonate salts.
© 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of GHGT.
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1. Introduction
The high temperature sorbent technology has been studied extensively in order to decrease the CO2 emission from 
flue gases of the power plant and industries as a post combustion process[1-6]. The system for carbon capture such 
as membrane, molecular sieves and unique solvents has been devised while these are expected to be high cost and 
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energy demanding. Thus, the affordable and energy efficient sorption material system with a regeneration property at
modest temperature has been desirable based on MgO that is abundant and low cost metal oxide.
The MgO sorbent captures carbon dioxide through chemisorption by forming MgCO3 but it contains lower 
sorption capacity at moderate temperature under a dry condition.  Therefore, the sorption property of the MgO is 
expected to be tailored using the promoter such as alkaline metal salts. Especially, recent interest in the metal nitrate 
promoted MgO based sorbent has been increased due to the unique performance of CO2 sorption at medium to high 
temperature, 573-673 K in which the double salt, Na2(CO3)2MgCO3, formed in Na2CO3 promoted MgO sorbent[7, 8].
The salt also contains the promising CO2 sorption capacity around 15 wt%.
While the concurrent structural change occurs during the CO2 adsorption and desorption cycle in high 
temperature region, little is known about what phase in the alkali-promoted MgO sorbent forms and subsequently 
decomposes as a function of temperature. Further, the role of NaNO3 in the sorbent system is not clarified yet. 
Obvious challenge in the structural characterization of the promoted MgO sorbent is to identification and 
quantification of the corresponding phase as a function of sorption temperature, thereby increasing the understanding 
of the sorption mechanism. 
In this work, the structural change of the NaNO3 promoted MgO has been elucidated using in-situ X-ray powder 
diffraction (XPD) during adsorption and desorption cycles with increase of temperature from 473 K to 723 K under 
15% CO2, which is also combined with the result of in-situ FT-IR spectroscopy.
2. Experimental methods
For the preparation of the NaNO3 incorporated MgO sorbent, 12.82 g Mg(NO3)26H2O was dissolved in 100 ml 
doubly distilled water and then the pH of the obtained solution was controlled to 1 by adding 1 cc conc. HNO3
solution. The other solution containing 8.5g NaNO3 and 5.3 Na2CO3 in 50 cc doubly distilled water was added to the 
above Mg containing solution drop wisely under vigorous stirring at room temperature. The mixed solution was 
stirred for 1 hr and subsequently aged for 24 hr.  The solid was recovered by filtration without washing to avoid the 
loss of NaNO3. The obtained solid was dried in oven at 397 K for 16 hr and finally was activated at 673 K for 3 hr 
under ambient condition while the temperature was ramped with a rate of 3 K per min.
Ex-situ powder X-ray diffraction (XPD) data was obtained for Rietveld refinement using Ultima III instrument 
(Rigaku) with Cu Ka radiation.  In-situ XPD data was acquired under controlled sorption and desorption using 
X’Pert Pro instrument (PANanalytical) at 40 kV and 30 mA using Cu Ka radiation (O=1.540598 Å). Data were 
collected with a step size of 0.0167q with a scan speed of 40 sec per step.  The in situ XPD data was obtained at each 
temperature after 30 min equilibrium under flowing 15% CO2 with balance N2 at a rate of 50 ccmin-1. Quantitative 
Rietveld refinement for the sample was performed with JANA2006 program package[9]. The profile was matched 
RQO\LQWKHșUDQJH – 10EHFDXVHRIWKHODUJHDV\PPHWU\RIWKHILUVWSHDNDWORZșDQJOH'XULQJWKH5LHWYHOG
refinement, a pseudo-Voigt function, together with a manually interpolated background, was used to describe the 
peak shape. A detailed Rietveld refinement procedure for large organic molecules can also be found elsewhere[10-
12].
In situ FT-IR spectra of the samples were recorded on a BIO-RAD 175C FT-IR spectrophotometer with a Grasely 
Specac in situ cell.  A self-supporting sorbent wafer (10 mg) was evacuated at room temperature for 1 hr before the 
measurement.  With increasing the sorption temperature, IR spectra were recorded across the range of 4000-700 cm-1
with a resolution of 4 cm-1.
Thermal gravimetric analysis (TGA) for the sample was performed under the controlled CO2 atmosphere to 
measure the sorption capacity at a ramping rate of 10 K/min with TGA N-1000 instrument (Scinco M&T). Crystal 
morphology and size were determined by a Hitachi S-4700 cold field emission scanning electron microscope. BET 
surface area and pore volume was determined on BET ASAP 2020 (Micromeritics), by N2 adsorption-desorption at 
77 K.
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3. Results and discussion
Fig. 1 shows the scanning electron micrograph of NaNO3 incorporated MgO prepared following the 
coprecipitation method reported in the literature[8] while the pH of the solution was controlled to 1 so that the 
formation of Na2CO3 had to be prevented. The rectangular sponge like crystal morphology with 10 Pm long by 2-4
Pm in width was obtained if the pH was controlled to 1, in which 50-70 nm sized small crystalline particles was 
stuck together, contrast to those of the sample without pH control[8].
Fig. 1. Scanning electron micrographs of the NaNO3 incorporated MgO (a,b) without pH control and (c-f) with pH control to 1 using conc. 
HNO3 solution.
The presence of NaNO3 in the sorbent prepared with the pH control resulted in the high CO2 sorption of 28.1 wt% 
as listed in Table 1, which was comparable to the sample without the pH control, 12.1 wt%. Further there was no 
CO2 sorption if all NaNO3 was converted into Na2CO3 that was reported to be participated in the CO2 capture as an 
ingredient for the double salts[8]. The sorbent that was prepared from Mg(NO3)26H2O and Na2CO3 alone, showed 
no practical CO2 sorption while the sorption capacity was recovered to 17.5 wt% when 20 wt% NaNO3 was 
impregnated. In the meantime these NaNO3 in the sorbent was started to decompose above 734 K. Therefore, the 
role of the NaNO3 has to be addressed using in situ spectroscopic techniques during CO2 sorption. The result shows 
that the presence of the NaNO3 in the sorbent is essential for the CO2 capture, suggesting the presence of the 
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interaction between CO2 and NaNO3 in the sorbent phase. Indeed, NaNO3 alone show no appreciable CO2 sorption 
under the same experimental condition. 
Table 1 CO2 sorption on the NaNO3 incorporated MgO sample with and without pH control.
sample
Composition 
pH control CO2 sorption(wt%)Mg(NO3)2·6H2O: NaNO3: Na2CO3
NaMg 1: 2: 1 No (6) 12.0
NaMg 1: 2: 1 Yes (1) 28.1
NaMg[a] 1: 0: 1 No 0
NaMg[b] 1: 0: 1 No 17.5
[a] The sample was washed thoroughly with doubly distilled water to remove NaNO3. [b] 
20 wt% NaNO3 was added to the above sample showing no CO2 sorption. The number in 
the parenthesis is the pH of the Mg(NO3)2 solution
The CO2 sorption at moderate temperature should be performed over  the particulate shaped sorbent because 
the powder sorbent can increase the pressure drop in the chemical process and also the sorption kinetics can be 
improved without diffusion limitation. Therefore, the NaNO3 incorporated in MgO sorbent has been granulated 
readily to 1.5r0.5 mm in diameter with the crushing strength of 5.1 Nmm-1, without the destruction of the porous 
structure, which can be applicable for the industrial application, as shown also in Fig. 1. In the present work, all the 
CO2 sorption measurement was performed in a granule form except the sample prepared from the impregnation 
method. 
Indeed, the NaNO3 incorporated MgO sorbent prepared with the pH control was found to have an activation 
energy, ~ 214 kJmol-1, over CO2 sorption as presented in Fig. 2, Fig. 3 and Fig. 4, suggesting the chemical reaction–
like chemisorption when the linear driving force (LDF) model (also equivalent to a first order reaction model 
mathematically) was used to calculate the uptake rate constant for the initial stage[13, 14] where Mt is the gas uptake 
at time t and Me is the gas uptake at equilibrium and t tis the sorption time. The induction period for CO2 sorption at 
598 K and 623 K, respectively was estimated to 2 min and was excluded in the calculation of kinetics for CO2
sorption. The sorption rate constant was increased with the increase of temperature, suggesting chemisorption of 
CO2.
Fig. 2. CO2 sorption and desorption as a function of cycle number (left panel) with the increase of temperature of a ramping rate of 10 Kmin-1
and sorption temperature (right panel), respectively.
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Fig. 3. The sorption kinetics at different temperatures were compared in terms of the rate constant (k) of CO2 sorption where the CO2 uptake may 
be considered to be a pseudo-first-order mass transfer between the gas phase and the adsorbent for the first 10 min. The weight change of the 
sample as function of time in the upper panel was converted into the sorption kinetics as a function time in the lower panel.
The preparation of nano-sized particles with large macro pores among nanoparticles has been confirmed using the 
result of nitrogen adsorption-desorption measurement at 77 K as shown in Fig. 5. The result of the quantitative 
Rietveld refinement[15] for the NaNO3 incorporated MgO also supported the presence NaNO3 and MgO phase only 
without the formation of Na2CO3 phase, which was also presented in Fig. 6 when the pH control process was 
included in the preparation procedure. Otherwise, the mixture containing Na2CO3 phase was obtained. 
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Fig. 4. Arrhenius plot of the sorption kinetics over the NaNO3 incorporated in MgO sorbent. The obtained activation energy was 214.0 kJmol-1,
indicating the chemical reaction-like chemisorption.  The high temperature data was excluded in the estimation of the activation energy because 
the sorption became the mass transfer limited reaction.
                                
Fig. 5. Nitrogen adsorption (solid circle) and desorption (cross) isotherms for the NaNO3 incorporated MgO sorbent obtained at 77 K.
Fig. 7 shows the in situ FT-IR spectra of the NaNO3 incorporated MgO sorbent as a function of temperature 
after the CO2 sorption at the corresponding temperature. There was systematic change in the spectrum due to the 
CO2 sorption. For clarity, the in situ FT-IR spectrum of the NaNO3 incorporated MgO at 523 K was also shown in 
Fig. 8 before and after CO2 sorption. There was no change in the in situ FT-IR spectrum, indicating no interaction 
between the sorbent and CO2. While as shown in Fig. 8, increasing sorption temperature to 573 K resulted in the 
significant change in the frequency relating to NaNO3 due to the interaction between CO2 and the sorbent and also 
the appearance of new peak at 884 cm-1 corresponding to MgCO3 with monodentate stretching Q(CO) at 1093 cm-
1[16-19].
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Fig. 6. Rietveld refinement plot for the fresh NaNO3 incorporated MgO. The tick marks for phase #1 MgO and phase #2 NaNO3 were shown with 
the difference between the experimental (dark dot) and calculated (magenta line) profile.  The quantitative determination of the corresponding 
phase was performed using JANA2006 using the known structure.  The measured intensity was squared to amplify the difference in the profile.
Fig. 7. In situ FT IR spectrum as a function of CO2 sorption temperature.  CO2 (g) in the cell was removed with helium flow. The blue mark 
indicated the IR frequency corresponding to that of NaNO3.
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Fig. 8. In-situ FT-IR spectrum of the NaNO3 incorporated MgO sorbent at 523 K (upper panel) and 573 K (lower panel) before and after CO2
sorption.  Gaseous CO2 in the cell was replaced with He after the sorption for the measurement of the surface bound species.
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Fig. 9. Low frequency region of the in situ FT IR spectrum as a function of CO2 sorption temperature. The blue and red stick marks the MgCO3
and NaNO3, respectively.
Fig. 9 shows the low frequency region of the in situ FT-IR spectrum of the NaNO3 incorporated MgO.  The 
frequency, 836 cm-1 corresponding to the N in and out of the NO3- plane was shifted to 825 cm-1 as the temperature 
increased to 723 K[20]. NaNO3 is reported to undergo the phase transition at 549 K from an ordered calcite (NaII 
phase, R c) to an disordered calcite (NaII phase, R m) before it melts at 580 K, which resulted in the above 
frequency change[21]. In the same temperature range, the intensity of the IR peak corresponding to the MgCO3 was 
increased up to 603 K and decreased again, which was consistent with the CO2 sorption and desorption cycle.  Thus, 
it was of interest quantitatively what phase or structure form during the CO2 sorption-desorption cycle in addition to 
the qualitative information from the in situ FT-IR spectroscopy.
In order to elucidate the structural change in the NaNO3 incorporated MgO sorbent, the variable temperature 
XPD under simulated CO2 sorption-desorption cycle under 15% CO2 with balance nitrogen. Fig. 10 shows the XPD 
of the NaNO3 incorporated MgO sorbent as a function of temperature from 473 K to 723 K. The NaNO3
incorporated MgO sorbent at room temperature was found to contain NaNO3 and MgO phase only with Rp= 5.6% 
for profile matching utilizing MATCH software[22]. With the increase of the temperature to 523 K, the phase 
fraction of NaNO3 was maintained about 20-30wt% while it was disappeared abruptly at 573 K because of its 
melting.  In the meantime, the phase fraction of MgCO3 was started to increase from ~40wt% to ~70wt% with the 
temperature increase from 523 K to 623 K. Above 673 K, only MgO phase was found to be present in the NaNO3
incorporated MgO sorbent. Thus, the result suggests that the melting of NaNO3 in the MgO sorbent play a role in the
activation of CO2 for the formation of MgCO3.
Furthermore, the NaNO3 incorporated MgO sorbent during CO2 adsorption-desorption cycle was quenched in 
the presence of CO2 in order to extract the precise quantitative phase information and also to confirm the formation 
of NaNO3 when the sample was cool down. The sorbent quenched from 623 K to room temperature was found to 
contain 15.1% MgO, 4.8% NaNO3 and 80.1% MgCO3with Rp= 6.9% as shown in Figure 11. This result suggested 
that all MgO phase did not convert into MgCO3 probably due to the particle size and limited sorption time. While, 
the sorbent quenched from 723 K to room temperature was found to contain 77.4% MgO, 19.4% NaNO3 and 3.3% 
MgCO3 with Rp= 4.6% as also presented in Figure 11. Thus, it was believed that almost NaNO3 phase fraction was 
recovered and small amount of MgCO3 was present due to the sorption during the rapid quenching process.
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Fig. 10. Variable temperature XPD under simulated CO2 sorption-desorption cycle under 15% CO2 with balance nitrogen: (a) room temperature, 
(b) 473 K, (c) 523 K, (d) 573 K, (e) 623 K, (f) 673 K and (g) 723 K.  At each temperature, the XPD was taken for 1 h after 30 min equilibrium.  
Each phase was assigned with tick mark. The sample cell was consisted of corundum structure compound.
When both results from the in situ variable temperature XPD and FT-IR spectra were combined, the 
mechanism of CO2 sorption over NaNO3 incorporated MgO can be proposed as follows. Before the melting of 
NaNO3 at 580 K, the CO2 sorption was negligible because neither NaNO3 nor MgO show CO2 sorption. The CO2
sorption started to increase readily when NaNO3 was melted at ca. 580 K and the MgO was coated or soaked with 
liquid NaNO3, referring from the result of both in situ spectroscopic methods. At the same time, the MgO was 
converted progressively to MgCO3, which implied that the chemisorption of CO2 in agreement with the high 
activation energy for CO2 sorption measured from the kinetic analysis at different temperature and further the
presence of the liquid NaNO3 is essential for CO2 sorption as an activator.
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Fig. 11. Rietveld refinement plot for the NaNO3 incorporated MgO quenched from 623 K (upper panel) and 723 K (lower panel) under CO2 flow. 
The tick marks for phase #1 MgO  phase #2 NaNO3 and phase #3 MgCO3 were shown with the difference between the experimental (dark dot) 
and calculated (yellow line) profile.  The quantitative determination of the corresponding phase was performed using JANA2006 using the 
known structure. The measured intensity was squared to amplify the difference in the profile.
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The above mentioned mechanism suggests that the other mixed metal salts such as NaNO3-KNO3 with a low 
melting point[23, 24] is likely to lower the CO2 sorption temperature if the liquid metal salt activates or enhances 
CO2 sorption. In order to demonstrate it, the mixed metal salt consisting of the mixture of 12 wt% NaNO3 and 8 
wt% KNO3 known as “Solar salt” or eutectic mixture[25-27] of which the melting point was 495 K, was 
impregnated onto the MgO because the eutectic composition was difficult to obtain when the coprecipitation method 
was applied because the filtering and subsequent thorough washing deviated the desired composition.  The melting 
point of NaNO3-KNO3 impregnated on MgO was also determined to be 496 K from differential scanning 
calorimeter measurement. The other activation procedures were the same for the CO2 sorption measurement.
                         
Fig 12. CO2 sorption measured from weight change at different temperatures flowing 100% CO2 30 ccmin-1 : (a) the NaNO3 incorporated MgO 
prepared from coprecipitation as shown in Figure 2 and (b) the impregnated 12 wt% NaNO3-8 wt% KNO3/MgO. Two independent CO2 sorption 
data were combined to show the effect of the low melting point in lowering the sorption temperature in which the red dash line indicates the 
temperature change as a function of time. Single unit of % weight represents 20wt% in which the baseline was shifted for clarity.
The CO2 sorption on the impregnated 12 wt% NaNO3-8 wt% KNO3/MgO was occurred substantially at ca. 500 
K while the NaNO3 incorporated MgO showed appreciable CO2 sorption at 573 K as shown in Fig. 12. The CO2
sorption on the impregnated 12 wt% NaNO3-8 wt% KNO3/MgO was increased and maintained at ~ 30 wt% with the 
temperature similar to that of the NaNO3 incorporated MgO prepared from the coprecipitation method, 28.1 wt%. 
Therefore, it can be deduced that the melting of metal salt induced the CO2 sorption, suggesting other promising 
metal salts containing low melting point can be utilized as a promoter for CO2 sorption.
4. Conclusion
In this work, we have shown the structural change of NaNO3 promoted MgO sorbent for carbon capture in the 
post combustion process at medium to high temperature, 400-700 K. The melting of NaNO3 was found to be having 
critical catalytic role in the CO2 sorption process for subsequent conversion of MgO to MgCO3. Based on the above 
deduction, the lowering of the CO2 sorption temperature has been demonstrated using the NaNO3-KNO3 known as 
“Solar salt” or eutectic material of which the melting point was 496 K.  The current experimental evidence suggests 
that the other promising eutectic material should also be tested for CO2 sorption.
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